INTRODUCTION
============

Characteristic symptoms of diabetes mellitus are thirst, polyuria, blurring of vision, weight loss, and polyphagia ([@b2-jer-14-1-10]). Diabetes mellitus is associated with the impairment of sexual function including desire and orgasmic dysfunction ([@b19-jer-14-1-10]; [@b20-jer-14-1-10]). Diabetes mellitus patients suffer ejaculatory disorder and erectile dysfunction ([@b3-jer-14-1-10]).

Erectile dysfunction is characterized by a consistent or recurrent inability to maintain penile erection ([@b9-jer-14-1-10]). The hypothalamic paraventricular nucleus (PVN) is responsible for controlling appetite, metabolic balance, cardiovascular regulation, and sexual behavior and known to be involved in centrally mediated penile erection ([@b26-jer-14-1-10]). Nitric oxide (NO) is synthesized from the L-arginine by NO synthase (NOS), and NO regulates sexual and erectile function by strongly relaxing smooth muscle cells of male genitalia. The reduction of NO level in the streptozotocin (STZ)-induced diabetic model is associated with the lack of NOS activity ([@b7-jer-14-1-10]). Sexual dysfunction in the diabetes mellitus is due to a selective defect of the NOS within PVN ([@b28-jer-14-1-10]). Nicotinamide adenine dinucleotide phosphate-diaphorase (NADPH-d) is a histochemical maker specific for NOS, and the number of NADPH-d was decreased in the STZ-induced diabetic rats ([@b11-jer-14-1-10]).

c-Fos is an immediate early gene and c-Fos expression represents neuronal activity in response to various stimuli. c-Fos expression in the hippocampus was reduced in the STZ-induced diabetic rats ([@b13-jer-14-1-10]; [@b14-jer-14-1-10]). Physical exercise is known to increase c-Fos expression at the most areas in the central nervous system ([@b16-jer-14-1-10]; [@b18-jer-14-1-10]).

Exercise has been considered as an important intervention for the management of diabetes mellitus ([@b5-jer-14-1-10]). Many studies suggested the effectiveness of physical exercise on improving sexual function in patients with diabetes mellitus ([@b1-jer-14-1-10]; [@b21-jer-14-1-10]). However, the effect of treadmill exercise on NO expression in relation with diabetes mellitus was not clarified. In the present study, we investigated the effect of treadmill exercise on sexual behaviors and the expressions of NADPH-d, neuronal NOS (nNOS), and c-Fos in the PVN were evaluated using STZ-induced diabetic rats.

MATERIALS AND METHODS
=====================

Animals and treatments
----------------------

Male Sprague-Dawley rats (250±10 g, 9 weeks in age) were used, and all experimental procedures were conformed to the regulations stipulated by the National Institutes of Health and the guidelines of the Korean Academy of Medical Science. This study was approved by the Kyung Hee University Institutional Animal Care and Use Committee (Seoul, Korea, KHUASP\[SE\]-17-098). The rats were divided into four groups (n=10 in each group): Control group, treadmill exercise group, STZ-induced diabetes group, STZ-induced diabetes and treadmill exercise group. To induce diabetic animal model, 50-mg/kg STZ (Sigma Chemical Co., St. Louis, MO, USA) was an intraperitoneally injected.

Treadmill exercise protocol
---------------------------

The rats in the exercise groups were made to run on a treadmill for 30 min once a day for 4 weeks, starting 9 weeks after birth, according to the previously described method ([@b23-jer-14-1-10]). The treadmill exercise load consisted of running at 5 m/min for the first of 5 min, at 7 m/min for the next 5 min, and then at 9 m/min for the last 20 min at 0 degree of inclination.

Sexual behavior test
--------------------

Four weeks after starting treadmill exercise, sexual behavior test was conducted in a dimly lighted room, using observation cages (60 cm×50 cm×30 cm). Ovariectomized female rats were used as lures for the male sexual behavior. Female rats were made estrous by subcutaneous injection of 20 mg/kg of estradiol benzoate 48 hr before testing and 1 mg/kg of progesterone 6 hr before testing. Male sexual behaviors were evaluated by recording the number of mounting, intromission, and ejaculation frequency, according to the previously described method ([@b22-jer-14-1-10]).

NAPDH-d histochemistry
----------------------

For NADPH-d activity, the sections were stained, according to a previously described protocol ([@b11-jer-14-1-10]; [@b12-jer-14-1-10]). Eight sections on average were collected from each brain within the in the hypothalamic PVN. Free-floating sections were incubated at 37°C for 1 hr in 0.1 M PB containing 0.3% Triton X-100, 0.1-mg/mL nitroblue tetrazolium, and 0.1-mg/mL β-NADPH (Sigma Chemical Co.). The sections were then washed 3 times with phosphate-buffered saline (PBS) and mounted onto gelatine-coated slides. The slides were air-dried overnight at room temperature, and coverslips were mounted using Permount (Fisher Scientific, Fair Lawn, NJ, USA).

Immunohistochemistry
--------------------

Immunohistochemistry for the c-Fos and nNOS-positive cells in the PVN was performed, according to a previously described protocol ([@b10-jer-14-1-10]; [@b12-jer-14-1-10]). The sections were then incubated in 0.05 M PBS for 5 min and washed three times using 0.05 M PBS. Free-floating sections were first incubated in 3% H~2~O~2~ for 30 min. Next, the sections were incubated in blocking solution for 2 hr at room temperature. The sections were then incubated overnight with rabbit anti-c-Fos antibody (1:1,000; Santa Cruz Biotechnology, Santa Cruz, CA, USA), mouse anti-nNOS antibody (1:1,000; Santa Cruz Biotechnology). The biotinylated horse anti-mouse and goat anti-rabbit IgG secondary antibody (1:200; Vector Laboratories, Burlingame, CA, USA). Next, the sections were incubated with avidin-biotin-peroxidase complex (Vector Laboratories) for 1 hr at room temperature. For staining, the sections were incubated in a solution consisting of 0.02% diaminobenzidine and 0.03% H~2~O~2~ in 50 mM Tris-HCl (pH, 7.6) for approximately 5 min, after which they were then washed with PBS and mounted onto gelatin-coated slides, and coverslips were mounted using Permount (Fisher Scientific).

Data analysis
-------------

The numbers of NADPH-d-positive and nNOS-positive cells were counted using a microscope (Olympus, Tokyo, Japan). The results expressed as the mean±standard error of the mean. For the comparison among the groups, one-way analysis of variance and Duncan *post hoc* test were performed with *P*\<0.05 as an indication of statistical significance.

RESULTS
=======

Sexual behavior test
--------------------

The latencies of the sexual behavior test are presented in [Fig. 1](#f1-jer-14-1-10){ref-type="fig"}. Ejaculation frequency, mount frequency, and intromission frequency were lower in the STZ-induced diabetic rats compared to the control rats. In contrast, treadmill exercise increased ejaculation frequency, mount frequency, and intromission frequency in the STZ-induced diabetic rats.

NADPH-d-positive cells in the hypothalamic PVN
----------------------------------------------

Photomicrographs of NADPH-d-positive cells in the PVN are presented in [Fig. 2](#f2-jer-14-1-10){ref-type="fig"}. The number of NADPH-d-positive cells in the PVN was lower in the STZ-induced diabetic rats compared to the control rats. In contrast, treadmill exercise increased the number of NADPH-d-positive cells in the STZ-induced diabetic rats.

nNOS expression in the hypothalamic PVN
---------------------------------------

Photomicrographs of nNOS-positive cells in the PVN are presented in [Fig. 3](#f3-jer-14-1-10){ref-type="fig"}. Expression of nNOS in the PVN was lower in the STZ-induced diabetic rats compared to the control rats. In contrast, treadmill exercise increased nNOS expression in the STZ-induced diabetic rats.

c-Fos expression in the hypothalamic PVN
----------------------------------------

Photomicrographs of c-Fos-positive cells in the PVN are presented in [Fig. 4](#f4-jer-14-1-10){ref-type="fig"}. Expression of c-Fos in the PVN was lower in the STZ-induced diabetic rats compared to the control rats. In contrast, treadmill exercise increased c-Fos expression in the STZ-induced diabetic rats.

DISCUSSION
==========

Sexual dysfunction is one of the frequently encountered complications in the diabetic patients ([@b19-jer-14-1-10]). Patients with diabetes mellitus have an increased risk of impotence ([@b8-jer-14-1-10]). Erectile dysfunction in middle-aged men is often an early event in endothelial damage, and physical activity is able to improve both erectile and endothelial dysfunction ([@b17-jer-14-1-10]). Exercise training alleviated the impairment of endothelial and nitrergic corpus cavernosum in STZ-induced diabetic rats ([@b6-jer-14-1-10]). They suggested that regular exercise might be an important strategy for preventing erectile dysfunction associated with diabetes mellitus by re-establishment of the balance between NO production and its inactivation ([@b6-jer-14-1-10]). Erectile dysfunction was associated with physical inactivity, irrespective of diabetes status ([@b21-jer-14-1-10]).

In the present study, ejaculation frequency, mount frequency, and intromission frequency were decreased in the STZ-induced diabetic male rats. Treadmill exercise improved these parameters of the sexual behaviors in STZ-induced diabetic male rats. The present results demonstrated that treadmill exercise could alleviate sexual dysfunction caused by diabetes mellitus.

NO is an important mediator that regulates erectile function by inducing vasodilation ([@b4-jer-14-1-10]). Blunted NO mechanism within the PVN may contribute to erectile dysfunction observed in diabetes mellitus ([@b26-jer-14-1-10]). Exercise is useful tool for increasing NOS expression in the PVN ([@b15-jer-14-1-10]). Exercise up-regulated nNOS expression within the PVN and improved the central component of the erectile dysfunction in diabetes mellitus ([@b28-jer-14-1-10]). The level of neuronal NOS in the PVN was decreased in STZ-induced type 1 diabetic rats ([@b27-jer-14-1-10]).

In the present study, the numbers of NADPH-d-positive and nNOS-positive cells in the PVN were decreased in the STZ-induced diabetic rats. Treadmill exercise increased these numbers in the STZ-induced diabetic rats. The present results demonstrated that treadmill exercise restored the content of NO in STZ-induced diabetic rats.

c-Fos expression represents neuronal activity and plays a crucial role in the brain development ([@b24-jer-14-1-10]). c-Fos expression in the brain was decreased in the STZ-induced diabetic rats ([@b14-jer-14-1-10]). Treadmill increased c-Fos expression that is associated with neuroplasticity, thereby improved spatial memory ([@b25-jer-14-1-10]).

In the present study, c-Fos expression in the PVN was decreased in the PVN was decreased in the STZ-induced diabetic rats. Treadmill exercise increased c-Fos expression in the STZ-induced diabetic rats. The present results demonstrated that treadmill exercise restored the content of c-Fos in the STZ-induced diabetic rats.

The present results showed that treadmill exercise ameliorated sexual dysfunction in the STZ-induced diabetic rats. The improving effect of treadmill exercise on sexual function can be considered as the neuronal activating effect of exercise through increasing expressions of NO and c-Fos.
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![Effect of treadmill exercise on sexual behaviors. A, control group; B, treadmill exercise group; C, streptozotocin (STZ)-induced diabetes group; D, STZ-induced diabetes and treadmill exercise group. The data are presented as the mean±standard error of the mean. \**P*\<0.05 compared with the control group. ^\#^*P*\<0.05 compared with the STZ-induced diabetes group.](jer-14-1-10f1){#f1-jer-14-1-10}

![Effect of treadmill exercise on nitric oxide synthase (NOS) expression. Upper panel: photomicrographs of nicotinamide adenine dinucleotide phosphate-diaphorase (NADPH-d)-positive cells. The scale bar represents 100 μm. Lower panel: number of NADPH-d-positive cells in each group. PVN, paraventricular nucleus; A, control group; B, treadmill exercise group; C, streptozotocin (STZ)-induced diabetes group; D, STZ-induced diabetes and treadmill exercise group. The data are presented as the mean±standard error of the mean. \**P*\<0.05 compared with the control group. ^\#^*P*\<0.05 compared with the STZ-induced diabetes group.](jer-14-1-10f2){#f2-jer-14-1-10}

![Effect of treadmill exercise on neuronal nitric oxide synthase (nNOS) expression. Upper panel: photomicrographs of nNOS-positive cells. The scale bar represents 100 μm. Lower panel: number of nNOS-positive cells in each group. PVN, paraventricular nucleus; A, control group; B, treadmill exercise group; C, streptozotocin (STZ)-induced diabetes group; D, STZ-induced diabetes and treadmill exercise group. The data are presented as the mean±standard error of the mean. \**P*\<0.05 compared with the control group. ^\#^*P*\<0.05 compared with the STZ-induced diabetes group.](jer-14-1-10f3){#f3-jer-14-1-10}

![Effect of treadmill exercise on c-Fos expression. Upper panel: photomicrographs of c-Fos-positive cells. The scale bar represents 100 μm. Lower panel: number of c-Fos-positive cells in each group. PVN, paraventricular nucleus; A, control group; B, treadmill exercise group; C, streptozotocin (STZ)-induced diabetes group; D, STZ-induced diabetes and treadmill exercise group. The data are presented as the mean ± standard error of the mean. \**P*\<0.05 compared with the control group. ^\#^*P*\<0.05 compared with the STZ-induced diabetes group.](jer-14-1-10f4){#f4-jer-14-1-10}
